PURPOSE. To characterize the changes occurring in choroidal thickness (ChT) across the posterior pole during accommodation using enhanced-depth imaging optical coherence tomography (OCT).
A lterations in axial length (AL) are the major structural change underlying the development and progression of refractive error [1] [2] [3] ; however, there is also evidence supporting an involvement of the choroid in refractive error development. [4] [5] [6] [7] [8] [9] Animal studies experimentally inducing refractive error show that rapid changes in choroidal thickness (ChT) appear to precede the longer term eye growth changes associated with the development of myopia and hyperopia. 6, 7 When myopia development is induced, it is characterized by a rapid choroidal thinning followed by longer term increases in eye growth, whereas when hyperopia is induced, choroidal thickening followed by a slowing of eye growth occurs. Recent cross-sectional human studies in both adults [8] [9] [10] [11] and children 5 indicate that longer term ChT changes also appear to accompany refractive error development in humans, with a thinner choroid associated with increased AL and myopia. Collectively, these data suggest that changes in ChT may reflect one of the early signals associated with changes in ocular growth and refractive error development.
Due to the proposed link between near work and myopia, [12] [13] [14] [15] [16] [17] numerous studies have examined the way in which various ocular parameters change during accommodation. [18] [19] [20] [21] [22] [23] [24] Along with the well documented changes in anterior eye biometrics, 18 a number of recent studies have reported significant increases in AL to accompany accommodation. [19] [20] [21] [22] [23] [24] Using optical low coherence reflectometry (OLCR), we have previously reported some evidence of a small but significant thinning of the subfoveal choroid during accommodation, which was weakly negatively associated with the observed axial elongation. 23 However, the use of OLCR to assess ChT in our previous study was a limitation, since the determination of ChT requires subjective judgment, and was only possible in 63% of subjects with this technique. Additionally, these measurements only represented ChT at the subfoveal location at a single accommodation demand (4 diopter [D] ), which provided no information about the regional variations in ChT with accommodation, or the relationship between the magnitude of choroidal response and the accommodation demand.
In this study, we use the higher resolution technique of optical coherence tomography (OCT) to provide a better understanding of the ChT changes associated with accommodation at 0, 3, and 6 D demands. Furthermore, OCT also allows measures of regional changes in ChT across the posterior pole that may provide greater insight into the mechanism underlying the change, rather than examining just a single subfoveal location. This experiment therefore aimed to comprehensively characterize the regional ChT response to a range of Copyright 2015 The Association for Research in Vision and Ophthalmology, Inc. iovs.arvojournals.org j ISSN: 1552-5783 accommodation demands using OCT in a population of young adult myopes and emmetropes.
METHODS

Subjects
Forty healthy young adult participants, aged 18 to 25 years (mean, 21 6 2 years), were recruited from the students of the Queensland University of Technology. Approval from the University Human Research Ethics Committee was obtained before commencement of the study, and subjects gave written informed consent to participate. All subjects were treated in accordance with the tenets of the Declaration of Helsinki.
Prior to testing, subjects were screened to identify and exclude those with any history of significant systemic or ocular disease, injury, or surgery. Any subject who identified as a cigarette smoker was also excluded from the study, due to the reported choroidal thinning associated with cigarette smoking. 25 Subjects initially underwent an eye examination to determine their refractive, visual, and binocular vision status. All subjects were required to have best corrected visual acuity of logMAR 0.00 or better and amplitudes of accommodation in excess of 6 D. Those who routinely used soft contact lenses refrained from lens wear for at least 24 hours prior to testing (n ¼ 16), and no rigid contact lens wearers were included in the study.
Subjects were classified according to their subjective noncycloplegic spherical equivalent refraction (SER) as either emmetropic (n ¼ 20, SER À0.25 to þ0.75 D, cylinder 1 DC; mean SER þ0.38 6 0.22 D, mean cylinder À0.25 6 0.2 DC) or myopic (n ¼ 20, SER À0.75 to À6.00 D, cylinder 1 DC; mean SER À2.83 6 1.50 D, mean cylinder À0.35 6 0.3 DC). These groups were well matched in terms of age (emmetropes 21 6 1 years, myopes 22 6 2 years), sex (each group comprised 50% female, 50% male), and monocular amplitude of accommodation (emmetropes 11 6 1 D, myopes 11 6 2 D).
Instrumentation
Following the screening and classification of participants, each subject had measures of the ChT, retinal thickness (RT), and axial ocular dimensions of their left eye collected, during various levels of accommodation. Cross-sectional chorio-retinal images allowing determination of ChT and RT were obtained with the Heidelberg Spectralis (Heidelberg Engineering, Heidelberg, Germany) spectral-domain OCT (SD-OCT) using the enhanced depth imaging mode to optimize the visibility of the choroid. 26 Axial ocular dimensions were acquired using the Lenstar LS900 optical biometer (Haag-Streit AG, Koeniz, Switzerland), which provides measures of central corneal thickness (CCT), anterior chamber depth (ACD), lens thickness (LT), and AL. A Badal optometer and cold mirror system that could be mounted on both the OCT and optical biometer was custom built in order to allow measurements to be collected while an external fixation target (an LCD screen from an iPhone 4S, Apple, Inc., Cupertino, CA, USA) was viewed simultaneously with varying accommodation demands ( Fig. 1 ). The Badal optometer was used to correct any spherical ametropia (best sphere correction) for each subject, and to provide a 0, 3, or 6 D accommodation stimulus. The subjects' right eyes were occluded for the duration of the experiment to eliminate the potential confounding effects of convergence in the eye being measured.
To ensure measurements obtained with the biometer and OCT were not affected by the presence of the cold mirror, five subjects had measurements taken with and without the mirror in place with both instruments. The mean difference values between the repeated measures of axial biometry, subfoveal ChT, and foveal RT were 1 lm or less, indicating excellent agreement between the measurements with and without the cold mirror for all parameters. No significant change in the average OCT image quality index (QI) score was found with the cold mirror in place.
Procedure
Prior to any measurements, participants were required to watch a movie on the LCD screen (screen resolution 326 ppi, screen luminance approximately 20 cd/m 2 ) imaged at infinity through the Badal system for 10 minutes to wash out any effects of previous near work. The movie was then paused and a 49 3 49 mm, high-contrast Maltese cross target was presented on the screen. The subject was instructed to fixate with their left eye on the center of the Maltese cross target adjacent to the instrument's fixation light and to keep it in sharp focus for the duration of the measurement. Two measurements were taken on the left eye of each subject with the OCT at each accommodation level, with each measurement consisting of a high resolution (1536 3 496 pixels per B-scan) six-line radial ''star'' scan centered on the fovea. Each line scan was 308 wide and consisted of the average of 30 B-scans. All collected scans had a QI score of ‡25 dB (mean QI of all scans was 34.1 6 4.7 dB). The extra-long (''XL'') eye length setting was used for all subjects, regardless of AL to allow enough space between the instrument and the subject's fixating eye for the cold mirror. The initial baseline measurement (0 D stimulus) was set as the reference scan, and all subsequent scans were registered to the same retinal location using the instrument's ''auto-rescan'' feature.
After the baseline images were obtained, the fixation target was reverted back to the movie on the LCD screen, but this time the screen was positioned to provide a 3 D stimulus to accommodation. The subjects continued this accommodation task for 10 minutes before the movie was again paused, the Maltese cross fixation target was presented, and measurements were taken. The subjects then returned to their movie viewing for another 10-minute wash out period with the Badal system imaged at infinity. The LCD screen was then moved to provide a 6 D stimulus for 10 minutes, and measurements were once again taken. The same protocol was also carried out with the Badal system mounted on the Lenstar biometer, and five measurements were taken on the left eye of each subject and averaged at each accommodation stimulus level.
The task duration was determined from our previous findings that changes in ChT were at a maximum approximately 10 minutes after commencing accommodation, and that both AL and ChT had returned to baseline levels within 10 minutes of task completion. 22 To reduce the potential confounding influence of diurnal variation in ocular parameters, 27-29 measurement sessions were restricted to 8 AM to 12 PM each day. The order of instrument measurements was randomized for each subject to eliminate any order effects, and data from both the instruments were collected on the same day.
Data Analysis
The OCT images were exported and analyzed using custom written software. Each scan was initially segmented using an automated algorithm, delineating the inner limiting membrane (ILM) and the outer surface of the retinal pigmented epithelium (RPE) to determine RT, and the RPE and the inner surface of the chorio-scleral interface to determine the ChT, across the full 308 width of the scan. 30 One experienced observer, masked to the subjects' refractive error and accommodation level, then checked the integrity of the automated segmentation and manually corrected any errors. The two segmented scans taken at each accommodation level were then averaged to provide the mean RT and ChT across the six radial scans at the 0, 3, and 6 D demands for each subject.
To account for the influence of ocular magnification in OCT imaging (associated with AL and ocular refraction for each accommodation level), the transverse scale of the scans were adjusted using each subject's refractive data and ocular parameters obtained with the biometer at each accommodation level, using methods previously described. 5 The segmented OCT data were used to derive subfoveal choroidal thickness (SFChT) and foveal RT, along with parafoveal choroidal and RT maps over a 5-mm diameter.
Repeatability of the imaging and measurement procedures were assessed through Bland and Altman 31 analysis of the two repeated measures at each session, which revealed a mean difference of À0.5 6 3.9 lm between the two measures of SFChT per accommodation level, and À0.3 6 1.9 lm between the two foveal RT measures per accommodation level. Based on the observed within-session repeatability, for our sample size of 40 subjects, it was calculated that our study had 80% power to detect a 3-lm change in ChT (and a 2-lm change in RT) at the 0.05 level. The mean absolute error (6 SD) between the manually corrected and fully automatic segmentation was also calculated for each OCT scan, indicating that the ILM (0.3 6 1 lm) and RPE (0.9 6 3 lm) rarely needed manual correction, whereas correction of the chorio-scleral boundary (17 6 30 lm) was more often required.
To account for the error induced in the AL measurements associated with the increased optical path length of the accommodating eye, 32 each subject's AL measures were adjusted based on their individual biometric measurements obtained with the Lenstar, by methods previously described. 21, 23 Of the 40 subjects examined, five were excluded from analysis of the parafoveal choroid and retina (four emmetropes, one myope). Two subjects had peripheral portions of the image of the outer choroidal boundary cut off posteriorly, two subjects were unable to fixate steadily enough to have all six scans captured for all conditions, and one subject had a large portion of his or her images obscured by the shadow cast on the retina by the edge of the cold mirror. For all other parameters, including foveal RT and SFChT, all 40 subjects were included in the analysis.
Statistical Analysis
A repeated measures ANOVA was performed to examine the changes in SFChT, foveal RT, and ocular biometry (CCT, ACD, LT, AL) with accommodation to 0, 3, and 6 D stimuli (withinsubject factor), and to observe any differences between refractive groups (between-subject factor). The average parafoveal ChT and RT was calculated for eight meridians: superior, inferior, nasal, temporal, superonasal, superotemporal, inferonasal, and inferotemporal, within three concentric annuli of eccentricities of 1, 3, and 5 mm centered on the fovea (Fig. 2) . A repeated measures ANOVA was performed for the parafoveal ChT and RT changes, with accommodation level, meridian, and eccentricity as within-subject factors, and a between-subject factor of refractive error group. If significant differences were identified in the main ANOVA (P < 0.05), posthoc testing with Bonferroni correction was performed. ANCOVA was also used to find any associations between the changes in ocular parameters with accommodation, using the methods of Bland and Altman 33 for the analysis of repeated measures. 
RESULTS
SFChT decreased significantly (P < 0.001) during accommodation (Fig. 3) . The mean change in SFChT for all subjects (n ¼ 40) was À2 6 6 lm for the 3 D demand, and À5 6 7 lm for the 6 D demand; however, only the change with 6 D was significantly different from baseline (P < 0.001). The myopic subjects on average thinned by À1 6 6 lm at the 3 D demand and À4 6 8 lm at the 6 D demand, which was not significantly different to the changes seen in the emmetropes at 3 D (À2 6 7 lm) or 6 D (À5 6 6 lm) (P ¼ 0.614). However, the average baseline SFChT was significantly thinner in the myopes (303 6 58 lm) compared to the emmetropes (373 6 77 lm) (P < 0.05).
For all subjects with complete parafoveal data (n ¼ 35), the mean ChT across the full 5 mm exhibited a highly significant within-subjects main effect of accommodation (P < 0.001). Pairwise comparisons showed that it was only at the higher accommodation demand (6 D) that the parafoveal change was significantly different from baseline values (mean change across all meridians and eccentricities À5 6 12 lm, P < 0.001) ( Fig. 4) . A significant main effect of meridian was found (P < 0.05), and the accommodation-meridian interaction approached significance (P ¼ 0.079), with the greatest changes seen within the temporal (À9 6 12 lm), inferotemporal (À8 6 8 lm), and inferior (À6 6 8 lm) meridians with accommodation to the 6 D demand (Table 1, all P < 0.001). Smaller statistically significant changes were also seen within the nasal (À4 6 9 lm) and superonasal (À4 6 8 lm) meridians (P < 0.05) at 6 D. Although there was no main effect of eccentricity (P ¼ 0.857), the accommodation-meridian-eccentricity interaction approached significance (P ¼ 0.068). When the meridians were examined based on their annulus eccentricity, the temporal, inferotemporal, and inferior meridians were the only ones to change significantly across the entire 2.5-mm radius, and the magnitude of thinning in these meridians increased with greater eccentricity from the fovea (temporal meridian À6 6 10 lm [1 mm annulus], À9 6 13 lm [3 mm annulus], À13 6 18 lm [5 mm annulus]; inferotemporal meridian À5 6 7 lm [1 mm)], À7 6 11 lm [3 mm], À10 6 12 lm [5 mm]; inferior meridian À5 6 8 lm [1 mm], À7 6 10 lm [3 mm], À7 6 12 lm [5 mm]). Similar to the SFChT, the mean baseline parafoveal ChT across the full 5 mm was significantly different between refractive groups (P < 0.05); however, when the change in parafoveal ChT with accommodation was examined, there was no significant effect of refractive group (P ¼ 0.352).
Foveal RT was also found to decrease by a small but statistically significant degree with accommodation, with an average thinning of À0.7 6 2 lm at the 3 D demand (P < 0.05) and À1.0 6 2 lm at the 6 D demand (P < 0.05). There was no significant effect of refractive group on foveal RT, and there was no accommodation by refractive group interaction (P > 0.05). For all subjects with complete parafoveal data (n ¼ 35), the mean RT also exhibited significant changes with accommodation (P < 0.05), with an average thinning of À1.0 6 3 lm at 3 D, and À0.7 6 3 lm at 6 D ( Fig. 5 ). However, only the change to the 3 D demand was significant (P < 0.05).
Analysis of the ocular biometry data for all subjects (n ¼ 40) revealed a significant increase in corrected AL with accommodation (P < 0.001), with a mean elongation of þ5 6 11 lm during accommodation to the 3 D stimulus (P < 0.05), and þ14 6 13 lm for the 6 D stimulus (P < 0.001) ( Fig. 3 ; Table 2 ). The changes in AL with accommodation were not significantly different between myopes and emmetropes. As expected, the mean baseline AL for the myopes (24.89 6 1 mm) was significantly greater than that of the emmetropic group (23.62 6 0.8 mm) (P < 0.05). All subjects exhibited significant shallowing of the ACD and increase in the LT with accommodation (P < 0.001), confirming the accommodative response. There were no significant differences in baseline ACD and LT between the emmetropic and myopic groups, and no significant differences in their change with accommodation. CCT was not affected by accommodation, and did not differ significantly between the refractive groups.
The OCT instrument's fine focus dial was used to focus the en-face retinal image to compensate for subject's refraction and accommodation, and could be used as a crude measure of the extent of accommodation. Using these values, the average accommodation response was 1.6 6 0.5 D for the 3 D stimulus, and 4 6 1 D for the 6 D stimulus. This estimate of accommodation response was significantly (P < 0.001) positively correlated with the change in ACD (r ¼ 0.781) and significantly (P < 0.001) negatively correlated with the change in LT (r ¼ À0.798), confirming that the accommodative response seen during biometry was consistent with the response seen during OCT measurements.
ANCOVA revealed that the changes in AL and SFChT exhibited a significant weak negative association (P < 0.05, r 2 ¼ 0.114, slope b ¼ À0.155) (Fig. 3) . The change in SFChT was positively correlated with the change in ACD (P < 0.001, r 2 ¼ 0.181, slope b ¼ 0.015) and negatively correlated with change in LT (P < 0.001, r 2 ¼ 0.183, slope b ¼ À0.014).
DISCUSSION
This study provides the first assessment of the regional variations in the choroidal thinning response that accompanies accommodation in young adult myopes and emmetropes. Using high resolution OCT imaging, we have shown that the most prominent choroidal thinning occurs within the temporal meridian of the parafoveal choroid, followed by the inferotemporal and then inferior meridians, with the magnitude of thinning increasing with greater eccentricity from the fovea within this quadrant. The magnitude of thinning observed in the temporal parafoveal choroid with accommodation was2 00% greater than the subfoveal choroidal thinning. Both the subfoveal and parafoveal choroidal thinning reached statistical significance only at the highest levels of accommodation demand tested (6 D), indicating that the ChT appears relatively stable during accommodation to demands of 3 D and less. A significant increase in AL was also observed, which was greatest at the highest level of accommodation. These AL changes were significantly negatively associated with the changes in the subfoveal choroid, but were of a greater magnitude and in the opposite direction, with the magnitude of subfoveal choroidal thinning on average accounting for 34% of the mean magnitude of axial elongation. Despite using a different measurement method, the current results agree closely with our previous findings using OLCR, which attributed 38% of the measured AL change to thinning of the subfoveal choroid. 23 Although our previously reported changes in ChT were slightly larger than those reported in this study, considering the axial resolution of the different measurement techniques used (SD-OCT -3.9 lm, and OLCR 23 -10 to 20 lm), the changes are comparable.
The asymmetry in the parafoveal choroidal thinning found in this study may provide an insight into the potential mechanisms that underlie the change in ChT during accommodation. While it has previously been suggested that the centripetal force of ciliary muscle contraction during accommodation may cause a mechanical stretching of the globe and subsequent axial elongation, 19, 20 this seems untenable as an explanation for our observed choroidal thinning. The connections between the anterior choroid and ciliary muscle tendons, coupled with the anterior movement of the ciliary muscle during contraction, would be expected to cause a forward movement of the elastic fibers of the choriocapillaris at the posterior pole, 34, 35 potentially thickening (rather than thinning) the posterior choroid.
Change in the autonomic tone of the eye associated with accommodation is a more likely mechanism to explain the regional choroidal thinning seen in this study. Since the ciliary body receives increased parasympathetic input during accommodation, it is possible that structures within the choroid that also receive autonomic input, such as the nonvascular smooth muscle (NVSM), may also receive this signal. This subpopulation of contractile cells within the choroid have been shown to contract in response to increased parasympathetic input, resulting in a subsequent thinning of the choroid, [34] [35] [36] leading to speculation that the NVSM plays a role in stabilizing the fovea against any anterior movement caused by contraction of the ciliary muscle during accommodation. 37 The NVSM cells are most numerous in species with well-defined foveae, 38 and All values are expressed as the mean 6 SD. BL denotes baseline values. For D 3 D and D 6 D, a positive value indicates a thickening/elongation, and a negative value indicates a thinning/shortening. * Indicates a highly significant change from baseline (P < 0.001). † Indicates a significant change from baseline (P < 0.05).
in humans are most often densely concentrated within the choroid in a 5-to 10-mm area extending from the temporal margin of the optic nerve, under the fovea, into the temporal retina. 37 The contraction of the NVSM network during accommodation may serve to counteract any forward movement of the choroidal elastic net, keeping the fovea in place and maintaining a clear image. Since these cells are reported to be most numerous within the temporal quadrant of the posterior pole, it follows that their contraction and resultant choroidal thinning during accommodation would be most pronounced within this region, as was found in this study.
Although the exact role of the intrinsic choroidal neurons (ICNs) remains unknown, like NVSM, they are most numerous in eyes with well-developed foveae and accommodation systems, 39 and their distribution is skewed toward the central-temporal quadrant of the choroid. 40 Since the ICNs are found to be in close contact with the contractile NVSM cells, and receive a copy of the signal sent to the ciliary body during accommodation, it has been hypothesized that they are involved in the modulation of ChT to stabilize the foveal position during accommodation. 41 Changes in the optics of the eye during accommodation could also potentially lead to fluctuations in ChT. Evidence from both animals 6, 7, 42 and humans [43] [44] [45] shows the choroid can rapidly modulate its thickness in response to retinal defocus. The estimate obtained from the OCT instrument's fine-focus dial indicated that on average our subjects probably exhibited an accommodative lag during the fixation task. This small hyperopic defocus could potentially trigger a thinning of the choroid, in the same manner reported in animal models. However, the relative asymmetry of the parafoveal choroidal thinning in this study is not consistent with the optical changes that typically accompany accommodation, the majority of which are rotationally symmetrical. [46] [47] [48] It should be noted though, that the exact pattern of defocus experienced by our subjects is not known since ocular aberrations were not measured in our study.
We observed a significant increase in AL after 10 minutes of accommodation in our young adult subjects, which was not significantly different between emmetropes and myopes. These findings show general agreement with previously published studies, 21, 23, 24 which reported increases in AL with accommodation, but no significant differences between the refractive groups. The increase we found in AL was also of a much smaller magnitude than studies that did not take into account the accommodation induced error related to optical path length and refractive index that is present in commercial partial coherence interferometry instruments. 20 The changes in AL were negatively correlated with the changes in ChT, providing evidence that the changes in ChT and AL during accommodation may be mediated by the same mechanism.
The eye is reported to undergo a number of structural and functional changes as it ages, most notably through a progressive decline and loss of ability to accommodate. 49, 50 The ciliary muscle reportedly thickens and adopts a more anterior-inward position 51-55 but appears to retain its contractile ability well into presbyopia, 52, [56] [57] [58] implicating that the agerelated decline in accommodative ability is more likely lenticular in origin. The choroid is also known to undergo changes, with a decrease in thickness 9,10,59,60 and a potential stiffening with age reported. 61 These involutional changes in the choroid and ciliary body structure may impact the distribution and magnitude of parafoveal ChT changes seen during accommodation in older age groups. Although our current study investigated these changes in young adults, it will be of interest for future research to examine pre-presbyopic or early-presbyopic individuals to observe how ageing changes to the uvea influence the accommodation induced ChT changes.
Although there was no significant difference in the magnitude of choroidal thinning with accommodation observed between the myopes and emmetropes in our study, the finding of short-term choroidal thinning associated with accommodation could still potentially have implications for human myopia and the role of near work in the development of myopia. In eyes that perform larger amounts of near work, the choroid will be thinned more frequently and for a greater period of time, which may predispose the eye to longer-term eye growth changes. From a clinical perspective, our findings provide an insight into the relative importance of accommodation control during fixation of internal instrument lights during OCT or biometry measurements of ChT. Given that our data show that the subfoveal choroid does not thin significantly with up to 3 D of accommodation, small amounts of accommodation during fixation with OCT measurements will be unlikely to confound clinical choroidal measurements.
In conclusion, this study demonstrates that significant thinning of the choroid across the posterior pole accompanies accommodation in a population of young adult myopes and emmetropes, with the largest magnitude changes occurring in the temporal and inferotemporal parafoveal choroidal regions. The regional distribution of the parafoveal choroidal thinning potentially provides an insight into the mechanisms underlying this change, as it overlaps with the documented distribution of the NVSM within the choroid.
